The method of the Laser-Compton cooling of the electron beams is studied. Using a Monte Carlo code, we have evaluated the effects of the Laser-electron interaction. for cooling. The optics with and without chromatic correction for cooling are examined. Problems of the optics for cooling are discussed. ·
I. INTRODUCTION
The new method of the electron beam cooling for future linear colliders is proposed by V.Telnov [1) . During a collision with laser photons, the transverse distribution of electrons remains almost unchanged and also the angular spread is almost constant. Because the Compton scattered photons follow the initial electron trajectory with a small additional spread due to much lower energy of photons (a few eV) than the energy of electrons (several GeV). The emittance c; = u;cr~ remains almost unchanged. At the same time, the electron energy decreases from Eo to E f. Thus the normalized emittances have decreased as follows (1) where cno and en are the initial and final normalized emittances.
In this paper, we have evaluated the effects of the Laser-Compton interaction for cooling using a Monte Carlo code [2) . This simulation calculates the effects of the nonlinear Compton scattering between the laser photons and the electrons during the multi-cooling stage, but it does not include the optics and the reacceleration linac for cooling. Next, we consider the optics for cooling with and without chromatic correction. A summary of the conclusion is given in section IV.
II. LASER-ELECTRON INTERACTION

A. Laser-Electron Interaction
In this section, we describe the main parameters for Laser-Compton cooling of electron beams. A laser photon of energy WL (wavelength AL) is scattered by an electron beam of energy Ee in the interaction point (IP). The kinematics of Compton scattering is characterized by the dimensionless parameter [1)
where me is electron mass. The parameters of the electron and laser beams for Laser-Compton cooling are listed in Table I and II, and then x=0.2.
The ratio of normalized emittances before and after the collision of the Laser-electron beams is (3) where Eo and E 1 are the initial and final energies of electron beams, /O = E 0 /mec 2 , lL( ~ 2uL) the length of the laser pulse, ZR the Rayleigh length, A the laser pulse energy. In our case, the ratio C is 5 from the simulation result.
The required laser flush energy is
or the simplified formula is [1] A
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where le('"" 2u z) is the bunch length of electron beams. In our case, A is 20 J and the nonlinear parameter ~ = 1.5. The ratio of energy spread is defined as (6) where O"e is the rms energy of the electron beams. m·rad(z=x,y).
In the following section, we use these formulas and compare them with the simulation results.
B. Simulation of Laser-Electron Interaction
For simulation the electron beams are simply assumed to be round beams. The parameters of the electron beams are listed in Table I . The parameters of the laser beams are listed in Table II . The one stage for cooling consists two parts as follows:
1. The Laser-Compton interaction between the electron and laser beams.
The reacceleration of electrons in linac.
In the first part, we simulated the interactions by the CAIN code [2] . In order to accelerate the electron beams to 5 GeV in the second part, we simply added the energy !lE = 5 GeV-Eave for reacceleratio.n, where Eave is the average energy of the scattered electron beams after Laser-Compton interactions. The .6x and .6v at the IP are fixed to be 0.1 mm. The initial energy spread of the electron beams is 1%. The polarization of the electron and laser beams are Pe=1 and PL=l (circular polarization), respectively. When the x parameter is small, the spectrum of the scattered photons does not depend on the polarization combination.
Here we define the transverse,· longitudinal, and 6D emittances in the simulation. The x-transverse emittance is
where the symbol <> means to take an average of all particles in a bunch.
The y-transverse emittance is
The longitudinal emittance is
The 6D emittance is defined as (11) Figure 1 shows the longitudinal distribution of the electrons after the first Laser-Compton scattering. The average energy of the electron beams is 1.0 GeV and the energy spread 6 is 0.19. The longitudinal distribution seems likely a boomerang. If we assume the short Rayleigh length of the laser pulse, the energy loss of head and tail of the beams is small.
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The transverse sizes of the electron beams in the multi-stage cooling are shown in Fig. 2 . During a collision with laser photons, the transverse distribution of electrons remains almost unchanged. But they degrease when we focus them for next Laser-Compton interactions due to lower normalized emittance and fixed ,8-function (u; = J,B;En,;f'y).
The angles of the electron beams in the multi-stage cooling are shown in Fig. 3 . As a result of reacceleration, the angles of the electrons decrease. They increase when we focus them for next Laser-Compton interactions. Finally the angles attain the average of Compton scattering angle and the effect of cooling saturates. Figure 4 shows the transverse emittances of the electron beams in the multi-stage cooling. They degrease when the electron beams reaccelerate. From Eq. (7), Eni,min = 1.4 x 10-10 m·rad, and the simulation presents Eni,min = 1.2 x 10-9 m·rad. Figure 5 shows the longitudinal emittance of the electron beams in the multi-stage cooling. Due to the increase from the energy spread 1% of the initial beams to 20% after Compton scattering, the longitudinal emittance rapidly increases at the first stage. After the first stage, the normalized longitudinal emittance are stable. The 6D emittance of the electron beams in the multi-stage cooling is shown in Fig. 6 . The second cooling stage has the most largest gain for cooling. The 8th or 9th cooling stages have small gain for cooling. The initial and final 6D emittances E 6 N are 1.5 x 10-13 and 1.2 x 10-19 (m·rad) 3 , respectively. Figure 7 shows the polarization of the electron beams in the multi-stage cooling. The final polarization Pe after multi-stage cooling is 0.54.
III. OPTICS DESIGN FOR LASER-COMPTON COOLING
A. Linear Optics
There are three optical devices for Laser-Compton cooling of electron beams as follows:
1. The focus optics to the first IP.
2. The defocus optics from the first IP to the reacceleration linac. The optics 2 is defocusing them from several millimeters to a few meters for reacceleration of the electron beams in linac. In a multi-stage cooling system, the optics 3 is needed for cooling in the next stage. The problem for the focus and defocus optical devices is the energy spread of electrons and the electron beams with a large energy spread are necessary to correct the chromatic aberrations avoiding emittance growth. In this subsection, we discuss the linear optics for Laser-Compton cooling without chromatic corrections. For the focus and defocus of the beams, we use the final doublet system which is similar to that of the final focus system of the future linear colliders [5] . The pole-tip field of the final quadrupole Br is limited to 1.2 T and the pole-tip radius a is greater than 3 mm. The strength of the final quadrupole is "'= Br/(aBp)::::; 120/E(GeV), (12) where B, p, and E are the magnetic field, the radius of curvature and the energy of the electron beams. In our case, the electron energies in the optics 1, 2, and 3 are 5.0, 1.0, and 5.0 GeV, respectively and the limit of the strength of the quadrupole in Laser cooling is larger than that of the final quadrupole of the future linear colliders. Due to the low energy beams in Laser cooling, the synchrotron radiation from quadrupoles and bends is negligible.
The difference of the three optical devices is the amount of the energy spread of the beams. In the optics 1,2, and 3, the beams have one, several tens, and a few % energy spread. In order to minimize the chromatic aberrations, we need to shorten the length between the final quadrupole and the IP. In this study the length from the face of the final quadrupole to the IP l is assumed to be 2 em. Here we estimated the emittance growth in the optics 2, because the chromatic effects in the optics 2 is the most serious. Figure 9 shows the defocus linear optics for the Laser-Compton cooling by the MAD code [6] . where 0 8 = t::.p./p 0 is the the difference of the reference momentumandthe design momentum, divided by the reference momentum. In our case, the chromatic functions ~x and ~Y are 18 and 148, respectively. The momentum dependence of the emittances in the defocus linear optics is shown in Fig. 10 . In the paper [3] , the analytical study by the thinlens approximation has been studied for the focusing system, and here the transverse emittances are calculated by a particle-tracking simulation. The 10000 particles are tracked for the transverse and longitudinal Gaussian distribution by the MAD code. The relative energy spread o is changed from 0 to 0.4. Due to the larger chromaticity ~Y, the emittance fy is rapidly increasing with the energy spread o. If we set a limit of 200% for b.t:;/t:; (i = x, y), the permissible energy spread Ox and Oy are 0.11 and 0.012 which mean the momentum band width ±22% and ±2.4%, respectively. The results are not sufficient for cooling with C = 5, because the beams through the defocusing optics have several tens % of the energy spread. On the one hand, the optics can be useful as the optics 1 and 3 with a few % of the energy spread.
B. Non-Linear Optics
The linear optics for the optics 2 does not work as we seen before subsection. In this subsection we apply the chromaticity correction for the optics 2. The lattice for cooling is designed referring to the final focus system of future linear colliders by Oide [4] . The final doublet system is the same lattice as the linear optics. The method of chromaticity correction uses one family of sextupole to correct for vertical chromaticity and moreover we added two weak sextupoles in the lattice to correct for horizontal chromaticity. In order to cancel geometric aberrations the sextupoles are placed by the -!transformation. Figure 11 The results are still not sufficient for cooling with C = 5. These results emphasize the need to pursue further ideas for plasma lens [7] . .
In this paper, we have only estimated the focusing and defocusing optics for cooling. The other problem is the emittance growth of the beams in the reacceleration linac, because the emittance growth depends on the square of the energy spread of the beams.
IV. SUMMARY
We have presented the preliminary simulation results for Laser-Compton cooling of electron beams. The effects of the Laser-Compton interaction for cooling have been evaluated by the Monte Carlo simulation. From the simulation, we presented that the low emittance beams with t: 6 N = 1.2 x 10-19 (m·rad) 3 can be achieved in our beam parameters.
We made the optics with and without chromatic correction for cooling, but the optics are not sufficient for cooling due to the large energy spread of the electron beams.
For construction of the Laser-Compton cooling system, we need to solve the following problems:
1. Design of defocusing optics with a large energy spread from 10 to 20%.
2. Emittance growth of the beams with a large energy spread in the reacceleration linac. w, 18 . 140.
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